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I.  INTRODUCTION 


Use  of  laser  based  combustion  diagnostics  has  increased  significantly 
in  the  last  ten  years.  Because  of  relatively  high  sensitivity,  laser  excited 
fluorescence  (LEF)  techniques  are  particularly  well  suited  for  monitoring  trace 
species  concentrations.  A  prerequisite  for  sucli  concentration  measurements 
is  a  knowledge  of  the  temperature  of  the  system.  The  LEF  temperature 
measurement  technique  which  has  received  the  most  attention  is  the  method  of 
rotational  excitation  scans* "5.  The  method  involves  scanning  of  the  laser 
excitation  wavelength  through  several  rotational  transitions  of  the  radical 
of  interest.  A  detector,  usually  set  up  to  view  fluorescence  in  some  other 
portion  of  the  spectrum  than  the  region  of  the  excitation  wavelength  to  avoid 
scattering,  monitors  fluorescence  intensity  as  the  laser  is  scanned.  From 
such  data,  relative  rotational  populations  in  the  ground  electronic  state  and 
a  corresponding  temperature  may  be  determined  assuming  a  Boltzmann  distribution. 

Prior  to  this  work,  flame  studies  using  the  excitation  scan  technique 
have  only  involved  pumping  from  the  ground  vibrational  level  of  the  OH 
A  2j;+  •«-  X  2n  system  and  only  Cfy/air  flames  have  been  used.  The  first  of  such 
measurements  were  performed  by  Wang  and  Davis *  who  used  a  Bunsen  burner. 

They  excited  transitions  in  the  (1,0)  vibrational  band.  Fluorescence  from 
molecules  collisionally  transferred  down  to  the  v'  =  0  vibrational  level  in 
the  excited  state  was  observed  from  the  (0,0)  band  transition.  Cattolica^ 
also  has  studied  OH  fluorescence.  In  his  studies  a  flat-flame  burner  was 
used  and  the  fluorescence  was  both  excited  and  monitored  in  the  (0,0)  band. 

In  experiments  by  Bechtel^,  a  burner  which  produces  a  curved  flame  front 
was  used.  The  (0,0)  and  (1,0)  band  transitions  were  pumped  while  fluorescence 
was  monitored  in  the  (0,0)  band.  Finally,  in  a  somewhat  different  application, 
Crosley  and  coworkers^  measured  excited  state  rotational  distributions  by 
looking  at  the  resolved  fluorescence  obtained  upon  pumping  several  different 

*Wang,  C.C.  and  Davis ,  Jr.,  L.I. ,  " Ground  State  Population  Distributions  of  OH 
Determined  with  a  Tunable  UV  Laser,"  Appl.  Phys.  Lett.,  Vol.  25,  P.  34  (1974). 

2 

Cattoliaa,  R.J.,  "OH  Rotational  Temperature  from  Laser  Induced  Fluorescense," 
Sandia  Report  Ho.  SAND  78-8614,  1978. 

7 

Bechtel,  J.H.,  "Temperature  Measurements  of  the  Hydroxyl  Radical  and  Molecular 
Nitrogen  in  Premixed ,  Laminar  Flames  by  Laser  Techniques .  ”  Appl.  Opt. ,  Vol.  18, 
p.  2100  (1979). 

4 (a)  Smith,  G.P.,  Crosley,  D.R.  and  Davis,  L.W.,  "Rotational  Population  Distri¬ 
butions  in  Laser-Excited  OH  in  an  Atmospheric  Pressure  Flame , "  Paper  3,  Eastern 
Section  Fall  Meeting  of  the  Combustion  Institute,  Atlanta,  Georgia  1979. 

(b)  Smith,  G.P.  and  Crosley,  D.R.,  " Quantitative  Laser-Induced  Fluorescense  in 
OH  "  Eighteenth  Symposium  (International)  on  Combustion ,  Waterloo,  Ontario, 
Canada,  August  1980.  (a)  Smith,  G.P.  and  Crosley,  D.R. ,  "Energy  Transfer  in 

A%Z+  OH  in  Flames  "  Paper  FA9,  Thirty-Fifth  Symposium  on  Molecular  Spectroscopy , 
Columbus,  Ohio,  (June  1980.  (d)  Crosley,  D.R.  and  Smith,  G.P. ,  "Rotational  Energy 

Transfer  and  LIF  Temperature  Measurements  , "  submitted  for  publication. 

5 (a)  Anderson,  W.R.,  "Laser  Excited  Fluorescence  Measurement  of  OH  Rotational 
Temperatures  in  a  CH4/N2O  Flame, "  Paper  3,  Eastern  Section  Fall  Meeting  of  the 
Combustion  Institute ,  Atlanta,  Georgia,  November  1979.  (b)  Anderson,  W.R.. 

Beyer,  R.A.,  and  Vanderhoff ,  J.A.,  "Laser  Excited  Fluorescence,  Laser  Raman 
and  Band  Reversal  Temperature  Measurements  in  CH4/N2O  Flames, "  Paper  FA1,  Thirty- 
Fifth  Symposium  on  Molecular  Spectroscopy ,  Columbus,  Ohio,  June  1980. 
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rotational  states  of  OH.  A  aodel  for  rotational  redistribution  was  developed 
which  predicts  the  effects  of  incomplete  rotational  equilibration  in  the 
excited  A  state  on  the  measured  temperatures. 

In  early  work  in  this  laboratory,  the  excitation  scan  technique  was 
applied  to  the  OH  (0,0)  band  in  Bunsen  flames  of  CH^/air  and  to  flat  flames 
of  CH4/N2O  on  a  sintered -porous-plug  burner6.  Strong  absorption  (>  30%) 
of  the  laser  excitation  beam  was  observed  for  many  transitions  in  both  types 
of  flame  even  though  the  Bunsen  flame  was  only  about  1  cm  wide.  There  is  also 
undoubtedly  strong  self -absorption  of  the  fluorescence  by  the  flame  gases. 

In  spite  of  these  problems,  such  scans  often  yielded  straight-line  Boltzmann 
plots,  though  the  fits  were  poor  and  the  temperatures  much  lower  than  expected 
(v  1000K).  Such  effects  were  also  observed  by  Cattolica?.  Somewhat  less 
frequently  in  these  early  runs,  (0,0)  band  scans  yielded  curved  Boltzmann 
plots  or  plots  with  two  straight  line  portions.  Such  effects  almost  certainly 
influenced  the  results  of  Wang  and  Davis*  who  attributed  a  plot  with  two 
straight-line  portions  to  nonequilibrium  distributions  of  OH  in  their  Bunsen 
flame.  Bechtel  avoided  these  problems  by  using  a  burner-optical  system 
design  which  afforded  a  very  short  path  length  within  the  flame^. 

The  present  work  concerns  a  different  approach  to  avoid  extensive 
depletion  of  the  laser  beam  intensity  and  self-absorption  problems  (hereafter 
referred  to  collectively  as  absorption  problems)  even  with  relatively 
large  flat  flame  burners.  In  this  new  approach^,  fluorescence  was  excited 
in  the  (1,1)  R-branch  region  of  OH  while  emission  from  a  spectrally  dense 
region  containing  mostly  (1,1)  band  P-  and  Q-branch  lines  was  observed.  The 
population  in  the  v"  «  1  level,  where  v"  is  the  ground  vibrational  quantum  num¬ 
ber,  is  about  an  order  of  magnitude  less  than  the  v"  =  0  level  for  temperatures 
found  in  most  flames  with  a  corresponding  drop  in  the  amount  of  absorption. 

Using  this  technique  temperature  measurements  have  been  made  in  a  stoichiometric 
CH4/N2O  flame  above  a  sintered-bronze-flat-flame  burner.  The  results  in  the 
burnt  gas  region  are  compared  with  those  from  (0,0)  band  reversal  measurements 
on  OH  and  Raman  vibrational  measurements  on  N2.  In  addition  to  the  fluores¬ 
cence  technique,  a  simultaneous  absorption-fluorescence  curve-fitting  approach 
was  also  developed.  The  approach  could  be  used  for  the  simultaneous  fit  or  for 
fitting  either  the  absorption  or  fluorescence  data  individually.  Good  results 
were  obtained  using  as  few  as  two  or  as  many  as  five  transitions.  Temperature 
profiles  from  fluorescence  measurements  in  the  (1,1)  band  and  absorption  measure 
ments  in  the  (0,0)  band  were  compared.  The  agreement  of  results  from  all  of  the 
methods  is  good.  In  this  paper  a  more  detailed  description  of  the  apparatus  and 
procedures  is  given  than  has  appeared  previously.  The  resulting  flame  tempera¬ 
tures  are  discussed  in  terms  of  flame  chemistry  and  burner  characteristics. 


6 Anderson,  W.B.,  unpublished  results. 


II.  EXPERIMENTAL 


A  diagram  of  the  apparatus  is  shown  in  Fig.  1.  The  laser  was  a 
flashlamp  pumped  dye  laser  (Chromatix  CMX-4)  with  intracavity  etalon  line 
narrowing  and  frequency  doubling.  The  doubled  output  in  the  3120-35  A  region 
was  obtained  by  mixing. Rhodamine  6G  dye  in  Ammonyx  LO  and  water.  The  measured 
bandwidth  was  0.34  cm  in  the  ultraviolet  (uv)  using  a  scanning  Fabry- Perot 
and  the  pulse  duration  was  about  1  ysec.  The  maximum  pulse  energy  used  was 
about  0.3  mJ.  The  corresponding  peak  power  was  not  sufficient  to  achieve 
saturation  in  an  atmospheric-pressure  flame  as  evidenced  by  linearity  checks  on 
the  fluorescence  signal.  Output  from  the  dye  laser  was  separated  by  a  dichroic 
splitter  which  reflected  visible  light  and  transmitted  uv  light.  The  visible  light 
passed  through  a  fixed  etalon  monitor  used  to  confirm  that  lasing  occurred  on 
only  one  internal  etalon  mode.  The  uv  light  was  transmitted  through  a  Coming  7-54 
filter  which  absorbed  the  residual  visible  light.  A  small  portion  of  the  uv 
light  was  reflected  by  a  quartz  window  into  a  reference  photodiode  used  to 
monitor  power  drifts.  The  main  uv  beam  was  focussed  into  the  flame  by  an  11.4 
cm  lens.  The  light  was  recollimated  by  a  second  lens  and  a  small  portion  was 
reflected  into  a  second  photodiode  for  transmission  measurements.  Fluorescence 
exiting  the  flame  at  right  angles  to  the  beam  waist  was  focussed  with  1:1 
imaging  on  the  slits  of  a  35  cm  monochromator.  The  beam  waist  at  the 
interaction  region  was  about  200  microns  in  diameter.  The  length  observed 
was  2.0  mm  as  determined  by  the  monochromator  slitwidth.  The  monochromator 
was  centered  at  3175  A  with  a  bandpass  of  about  36  A.  Outputs  from  the 
monochromator's  photomultiplier  and  the  transmission  photodiode  were  ratioed 
to  that  from  the  reference  photodiode  in  two  separate  boxcar  averagers  (PAR 
Model  162).  Hard  copy  of  the  output  was  obtained  on  a  strip  chart  recorder. 

For  experiments  in  which  curve-fitting  data  reduction  techniques  were  used, 
a  PDP  11/04  computer  system  (not  shown)  with  A/D  conversion  was  used  for 
direct  digitization  of  the  boxcar  outputs. 

The  burner  used  in  these  experiments  was  a  water-cooled,  sintered-bronze- 
porous-plug  burner.  The  sintered  portion  was  5.72  cm  in  diameter.  Two 
capillary  flow  regulators7  supplied  the  fuel  and  oxidant  gases.  Flow  rates 
could  be  controlled  to  within  1%.  The  gases  were  99%  pure  (Matheson)  and  were 
used  without  further  purification.  Supply  gases  were  premixed  inside  the  burner. 

An  exhaust  pipe  placed  over  the  flame  stabilized  the  flame  and  removed  noxious 
fumes.  Burner  heights  were  measured  using  a  dial  indicator  gauge  which  was 
mechanically  connected  to  the  burner.  Accuracy  and  reproducibility  of  the 
measurements  was  limited  to  25  microns  by  the  mechanical  coupling.  An  estimate 
of  the  laser  beam  deflection  resulting  from  refractive  index  gradients  in  the 
flame  was  obtained  by  examining  the  transmitted  beam  position  several  meters 
from  the  burner  with  and  without  the  flame.  The  beam  deflection  was  less  than 
50y  through  the  entire  flame  even  when  passing  through  the  flame  front. 


7 

DeWilde ,  M.A.,  "Capillary  Flowmeters  for  Accurate,  Stable  Flows  of  Gases," 
BRL  Technical  Report  No.  ARBRL-TR-02230 ,  1980 ,  AD  A083874 
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III.  RESULTS 


Excitation  scans  across  the  (1,1)  R-branch  bandheads  were  run  at  several 
points  above  the  cgnter  of  the  burner.  In  early  runs,  the  laser  was  scanned 
from  3121  to  3135  A.  Nineteen  (1,1)  band  lines  in  this  region  were  sufficiently 
resolved  that  intensity  measurements  could  be  made  without  involved  deconvolution 
calculations.  All  of  these  transitions  are  of  comparable  intensity  so  that  the 
detector  sensitivities  did  not  have  to  be  changed  during  a  scan.  These  excitation 
transitions  were  in  order  of  increasing  wavelength:  R^8,  Rj7,  Rj^,  RjS',  Rjll, 

R]4 ' ,  Rx12,  Rj3 ' ,  R29,  R28,  R27,  R^14,  R2S,  R213,  Ri15,  R24,  R214,  R23,  R21S. 

(An  Rj'  satellite  in  the  notation  used  here  is  equivalent  to  the  R2i  transitions 
of  Dieke  and  CrosswhiteS.  Line  positions  were  obtained  from  Ref.  8).  It  was 
later  found  that  the  scan  could  be  stopped  at  3131  X,  which  eliminates  the  last 
four  transitions  and  considerably  reduces  run  time,  while  yielding  equivalent 
results.  In  addition,  for  one  of  the  scans  the  Ri9',  RilO'  and  Rill',  which 
are  quite  weak  satellites,  were  carefully  amplified  and  measured  to  check  for 
differences  in  response  at  these  transitions. 

A  quick  glance  at  Fig.  2,  which  is  the  OH  (1,1)  band  R-branch  excitation 
scan  studied  in  this  work,  shows  that  (0,0)  band  transitions  have  quite  strong 
absorptions  while  no  (1,1)  band  transition  has  greater  than  5%  absorption  which 
means  the  intensity  at  the  focal  point  is  reduced  by  no  more  than  2.5%  by  absorp¬ 
tion.  These  limits  were  observed  even  at  the  highest  OH  concentration.  Such 
small  absorptions  do  not  necessitate  that  corrections  be  applied  for  pump 
depletion. 

Effects  of  self-absorption  in  the  (0,0)  band  can  be  seen,  qualitatively,  by 
comparing  the  Q216  and  P29  transitions.  Although  the  absorption  for  the  P29 
is  stronger,  fluorescence  from  this  excitation  is  weaker.  (The  fluorescence 
response  overdrives  the  detection  electronics,  but  comparative  signal  strengths 
may  be  estimated  from  widths  at  the  overdrive  point.  The  (1,1)  band  transitions 
overlapping  the  P29  do  not  significantly  affect  the  absorption,  while  they  can 
only  increase  the  fluorescence) .  This  effect  undoubtedly  results  from  peaking  of 
the  excited  state  rotational  distribution  near  the  state  which  is  pumped^. 
Fluorescence  lines  resulting  from  this  distribution  connect  to  ground  states 
having  N"  nearly  the  same  as  N',  the  ground  and  excited  state  rotational  quantum 
numbers  respectively.  Therefore,  one  expects  there  will  be  more  self-absorption 
of  the  fluorescence  when  transitions  arising  from  levels  near  the  peak  in  the 
ground  state  rotational  distribution  are  pumped.  Such  is  the  case  in  Fig.  2 
for  the  previously  cited  transitions  having  N"  =  9  and  16  since,  as  shall  be 
seen,  the  ground  state  distribution  peaks  near  N"  =  6  at  the  observed  tempera¬ 
tures.  In  order  to  check  for  self-absorption  in  the  (1,1)  band,  the  fluorescence 
from  one  of  the  strongest  lines  was  monitored  while  the  burner  was  moved  on  a 
line  towards  the  monochromator,  i.e.,  perpendicular  to  the  laser  beam.  The 
result  is  shown  in  Fig.  3.  This  horizontal  profile  was  obtained  1  cm  above  the 
burner.  The  symmetry  of  the  profile  shows  that  self -absorption  does  not 


8 Dieke,  G.H.  and  Crosswhite ,  H.M.,  "The  Ultraviolet  Bands  of  OB,"  J.  Quant. 
Speatrosa.  Radiat ,  Transfer,  Vol.  2,  p.  97,  1962. 
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Figure  2.  OH  (1,1)  band  R-branch  excitation  scan  in  CH./f^LO  Flame. 

Upper  Trace:  Transmission.  Lower  Trace:  Fluorescence. 
Diamonds  enclosed  in  arrows  indicate  laser  etalon  resets, 
an  artifact  of  the  scanning  mechanism.  Wavelengths  are  in 
angstroms. 
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significantly  affect  (1,1)  band  fluorescence.  Later  studies  have  shown  that 
the  Oil  concentration  at  this  height  is  within  a  factor  of  2  of  the  peak  concen¬ 
tration.  The  lack  of  appreciable  laser  beam  absorption  and  an  increase  by  only 
a  factor  of  2  at  the  highest  density  is  proof  that  self-absorption  in  the  (1,1) 
band  is  negligible  for  our  flame. 


The  data  reduction  for  temperature  measurements  is  quite  simple.  It 
was  noted  that  fluorescence  peak  widths  in  the  (1,1)  band  did  not  vary  within 
experimental  error  limits.  Thus,  we  could  assume  the  peak  heights,  which  were 
easily  measured  from  the  chart  recorder  outputs,  were  proportional  to  the  inte¬ 
grated  line  intensity.  If  one  assumes  the  fluorescence  yield  within  the  bandpass 
of  the  monochromator  is  the  same  for  all  excited  rotational  levels  pumped*,  then 
the  fluorescence  intensity  is  proportional  to  the  pump  rate.  Thus,  for  the 
fluorescence  intensity  normalized  to  the  laser  power,  one  has 


I  «  B 
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N",J" 


(1) 


where  Bj2  is  the  Einstein  absorption  coefficient  for  the  appropriate  transition, 
Nflii  j»i  is  the  number  density  in  the  ground  rotational  state  (N",J")  and  J" 
is  the  total  angular  momentum  quantum  number  in  the  ground  state.  If  one 
further  assumes  the  ground  state  is  equilibrated,  one  has 


NN",J"  “  (2J"+l)exp(-EN„>J)(/kT) 


(2) 


where  Ejpt  f  jh  is  the  ground  state  energy,  k  is  Boltzmann's  constant  and  T  is 
the  rotational  temperature.  Combining  Eq.  (1)  and  (2),  one  finds 

£n[I/Bl2(2j»+l)j  *  -  En„  Jt,/kT  ♦  C  (3) 

for  some  constant  C.  A  typical  plot  of  Eq.  (3),  from  data  taken  0.50  cm 
above  the  burner,  is  shown  in  Fig.  4.  The  Einstein  B12  coefficients  were 
obtained  from  Ref.  10  and  the  ground  state  rotational  energies  from  Ref.  8. 

*At  first  glance,  this  would  seem  to  be  equivalent  to  assuming  that  rotational 
redistribution  in  the  excited  state  leads  to  nearly  equivalent  distributions 
no  matter  what  state  is  pumped.  However ,  this  need  not  necessarily  be  the 
case. 


9 (a) Anderson,  W.H.,  Decker,  L.J.  and  Kotlar ,  A.J.,  "Measurement  of  OH  and  NH 
Concentration  Profiles  in  Stoichiometric  CH4/N2O  Flames  by  Laser  Excited 
Fluorescence ,  ”  Paper  67,  Eastern  Section  Fall  Meeting  of  the  Combustion 
Institute,  Princeton,  New  Jersey,  Nov.  1980.  (b)  Anderson,  W.R.,  Kotlar,  A.J., 

and  Decker,  L.J. ,  "Concentration  Profiles  of  OH  and  NH  in  a  Stoichiometric 
CH4/N2O  Flame  by  Laser  Excited  Fluorescence  and  Absorption "  to  appear  in 
Combustion  and  Flame. 

10 (a)  Chidsey,  I.L.  and  Crosley,  D.R.,  " Calculated  Rotational  Transition  Proba¬ 
bilities  for  the  A-X  System  of  OH  "  J.  Quant.  Spectrosc.  Radiat.  Transfer, 

Vol.  23,  p.  187,  1980.  (B)  Dimpfl,  W.L.  and  Kinsey,  J.L.,  ''Radiative  Life- 
times  of  OH  (A2Z+)  and  Einstein  Coefficients  for  the  A-X  System  of  OH  and 
0D ,"  J.  Quant.  Spectrosc.  Radiat.  Transfer,  Vol.  21,  p.  233,  1979.  (c) 

Goldman,  A.  and  Gillie  J.R.,  "Spectral  Line  Parameters  for  the  A  2z  -  X  ir 
(0,0)  Band  of  OH  for  Atmospheric  and  High  Temperatures , "  submitted  for  publi¬ 
cation. 
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Fluorescence  Excitation  Scan  of  the  OH  (1 »1 )  Band  In  CH^/l^O  Flame. 


A  curve-fitting  routine  was  developed  to  separately  or  simultaneously  fit 
the  absorption  and  fluorescence  data.  For  curve  fitting  of  absorption  spectra, 
five  lines  which  are  fairly  close  to  one  another  in  the  spectrum  were  used. 

These  were  the  Qii7  and  PilO  from  the  (0,0)  band  and  R24,  Ril5  and  R2l3  from 
the  (1,1)  band.  For  curve-fitting  of  fluorescence  data  only  the  three  (1,1) 
lines  could  be  used  because  of  obvious  absorption  problems  for  the  (0,0)  band 
data.  The  lineshapes  were  fitted  using  a  least  squares  computer  program  which 
accounts  for  a  Gaussian  laser  profile,  Doppler  and  collisional  broadening  of 
the  transition,  the  number  density,  which  is  considered  in  more  detail  in  Ref. 
9b,  and  the  temperature.  The  theory  is  covered  in  more  detail  in  the  appendix. 
The  approach  is  an  extension  of  an  earlier  single  transition  technique  for  the 
determination  of  concentration  and  temperature  from  absorption  data  by  Luck 
and  Muller**  for  lasers  with  bandwidths  much  narrower  than  the  transition 
bandwidth.  (In  this  paper,  reduction  of  fluorescence  data  was  accomplished 
by  two  different  methods.  Unless  the  curve-fitting  approach  is  specifically 
mentioned,  the  peak  height  -  Boltzmann  plot  approach  was  used  to  extract  the 
temperature) . 

The  temperature  profile  of  the  stoichiometric  CH4/N2O  flame  is  shown  in 
Fig.  5.  Fig.  5a  shows  results  of  Boltzmann-plot  fluorescence  measurements  taken 
up  to  2.5  cm  above  the  burner.  Fig.  5b  compares  the  results  of  Boltzmann-plot 
fluorescence  measurements  to  some  of  our  earliest  absorption  curve-fitting 
measurements  taken  in  the  first  1.0  mm  above  the  burner.  In  these  early  absorp¬ 
tion  curve-fitting  measurements,  only  data  from  the  two  (0,0)  band  lines  was 
used  to  extract  the  temperature.*  Also  shown  are  the  adiabatic  flame  tempera¬ 
ture,  resulting  from  a  thermochemical  equilibrium  calculation*^,  and  the  burner 
head  temperature,  which  is  of  interest  for  flame  modeling.  The  burner  head 
temperature  was  extrapolated  from  thermocouple  measurements  along  the  outside 
of  the  burner  body,  as  shown  in  Fig.  6.  As  can  be  seen,  the  temperature  is 
nearly  constant,  within  ±  3°C,  up  to  1  cm  below  the  top  of  the  burner,  and  then 
falls  off  rapidly.  Since  the  porous-plug  portion  of  the  burner  is  1.85  cm 
thick,  the  rest  of  the  burner  being  essentially  a  hollow  cylinder,  it  is  not 
surprising  that  the  temperature  is  nearly  constant  in  this  portion  of  the 
burner,  nor  is  it  unreasonable  to  assume  the  gas  temperature  is  the  same 
at  the  burner  surface. 

* 

Note  that  very  precise  measurements  are  possible  with  the  curve  fitting 
technique  because  about  100  points  per  transition  are  fitted.  Lower  preci¬ 
sion  is  attained  if  only  the  value  at  linecenter  is  used  as  in  the 
Boltzmann-plot  fluorescence  approach. 


17  •• 

Luck,  K.C.  and  Muller,  F.J.,  " Simultaneous  Determination  of  Temperature  and  OH 
Concentration  in  Flames  Using  High  Resolution  Laser-Absorption  Spectroscopy 1," 
J.  Quant.  Spectro8c.  Radiat.  Transfer ,  Vol.  17,  p.  403,  1977. 

12Svehla,  R.A.  and  McBride,  B.J.,  "Fortran  IV  Computer  Program  for  Calculation 
of  Thermodynamic  and  Transport  Properties  of  Complex  Chemical  Systems, "  NASA 
TN-D-7056,  1973. 
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Figure  5.  Vertical  Temperature  Profile  In  a  Stoichiometric  CH4/N2O  Flame,  a.  Fluorescence  results 
showing  nearly  constant  temperature  In  the  burnt  gas  region.  The  calculated  adiabatic 
and  measured  burner  head  temperatures  are  also  Indicated. 


millimeter  and  temperature  at  10  millimeters. 


It  was  of  interest  to  examine  the  curve-fitting  approach  in  more  detail 
for  two  reasons.  First,  it  was  noted  that  the  (1,1)  R2l3  lies  in  close  proximity 
to  the  (0,0)  PjlO.  There  was  thus  a  concern  that  ignoring  the  effects  of  its 
presence,  as  was  done  in  deriving  the  absorption  data  of  Fig.  5b,  might  result 
in  systematic  errors  in  the  temperatures.  To  examine  this  possibility,  two 
scans  across  the  five  transitions  were  made  in  the  burnt  gas  region  of  the  flame, 

1  cm  above  the  burner.  The  data  set  was  then  restricted  to  wavelengths  contain¬ 
ing  the  three  transitions  of  interest,  namely  the  two  (0,0)  lines  and  the  (1,1) 

R213.  The  absorption  data  was  then  fitted  by  both  including  and  excluding 
effects  of  the  (1,1)  R2I3  on  the  spectrum.  For  the  individual  runs,  no  difference, 
within  error  limits,  was  found  for  extracted  temperatures  (or  densities)  whether 
effects  of  the  (1,1)  R2I3  were  considered  or  not.  This  result  is  reasonable 
since  absorption  by  the  (1,1)  R213  is  weak.  The  absorption  results  of  Fig.  5 
are  therefore  not  affected  by  ignoring  effects  of  this  transition. 

The  second  reason  for  examining  the  curve-fitting  approach  in  more  detail 
is  the  following.  It  is  possible  that  fluorescence  yields  from  individual 
transitions  as  measured  by  the  monochromator  systematically  differ.  However, 
they  might  differ  in  a  random  fashion  such  that  the  temperature  derived  from 
Boltzmann  plots,  as  in  Fig.  4,  is  unaffected.  The  systematic  differences 
would  then  appear  as  random  scatter.  On  the  other  hand,  if  only  a  few  transi¬ 
tions  are  considered  the  derived  temperatures  are  more  likely  to  be  affected 
by  the  systematic  errors.  To  check  this  possibility  three  curve-fitting  pro¬ 
cedures  were  used  on  the  two  data  sets  mentioned  in  the  last  paragraph.  The 
two  scans  of  course  provided  fluorescence  data  as  well  as  absorption  data.  In 
the  first  curve-fitting  approach,  the  fluorescence  data  was  ignored  and  the 
two  (0,0)  and  the  (1,1)  R2I3  absorption  peaks  were  fitted.  In  the  second  ap¬ 
proach,  the  absorption  data  was  ignored  and  the  three  (1,1)  band  fluorescence 
peaks  were  fitted.  In  the  last  approach,  the  three  (1,1)  fluorescence  peaks 
and  all  five  absorption  peaks  were  fitted  simultaneously.  Fluorescence  yields 
for  the  three  (1,1)  transitions  in  the  second  and  third  approach  were  treated 
in  a  special  way.  The  R24  and  RjlS  fluorescence  yields  were  forced  to  be  equal 
while  that  for  the  R^13  was  allowed  to  be  different.*  One  of  the  scans  and  the 
computer  fit  using  the  third  approach  is  shown  in  Fig.  7.  Quality  of  the  fits 
using  the  other  two  approaches  is  similar  to  that  in  Fig.  7. 

The  resulting  temperatures  for  the  three  approaches  and  the  data  set  of  Fig. 

7  were  2164  ±  UK,  2201  ±  15K,  and  2166  ±  10K,  respectively.  The  other  scan  yielded 
2215  ±  17K,  2150  ±  16K,  and  2203  ±  13K,  respectively.  Parameters  from  the  two  runs 
were  then  combined  in  such  a  way  that  diagnostic  parameters,  such  as  temperature 
and  number  density  which  should  be  the  same  for  the  two  runs,  were  constrained  to 
be  the  same,  while  other  parameters,  such  as  baseline  positions,  were  allowed  to 
be  different.  The  resulting  values  are  the  best  estimates  for  the  parameters  at 
the  given  point  in  the  flame.  The  temperature  thus  found  for  the  first  technique, 
absorption  fit,  was  2179  ±  21K.  The  temperature  for  the  third  technique,  simultaneous 
absorption-fluorescence  fit  was  2179  ±  19K.  A  similar  combination  was  not  performed 
for  results  from  fluorescence  data  only.  Note  the  temperatures  found  were  near  the 


Because  the  optically  thin  limit  was  not  used  for  the  calculation,  the  R2 4 
and  Rilb  transitions ,  which  overlap,  could  not  be  decoupled.  Their  fluorescense 
yields  were  therefore  assumed  to  be  equal.  The  quality  of  the  fit.  Fig.  7b, 
is  a  measure  of  the  validity  of  this  assumption. 


average  from  the  fits  of  the  individual  runs.  As  can  be  seen,  the  true  precision 
of  each  of  the  curve-fitting  methods  for  individual  data  sets  is  somewhat  lower 
than  the  statistical  result,  possibly  because  of  some  slight  drift  in  burner 
conditions  or  detector  stabilities  of  a  duration  equivalent  to  single  peak 
scan  times.  In  spite  of  this  problem,  the  agreement  among  the  methods  is  quite 
satisfactory.  The  results  agree  extremely  well  with  those  from  the  simpler 
fluorescence  peak  height  -  Boltzmann  plot  approach  and  the  two-line  absorption 
curve-fitting  approach  at  1.0  cm  (see  Fig.  5).  Note  that  there  is  reasonable 
agreement  between  results  of  techniques  1  and  2.  We  also  found  that  the  two 
fitted  fluorescence  yields  for  the  three  (1,1)  transitions  were  always  nearly 
equal.  Though  this  study  was  by  no  means  exhaustive,  it  would  thus  appear  that 
randomly  scattered  differences  in  fluorescence  yields  are  quite  small  using  our 
arrangement . 

Besides  the  fluorescence  and  absorption  measurements  on  OH,  reversal 
measurements  on  the  (XI  (0,0)  band  R-head  at  3Q64  X13  and  Raman  vibrational 
band  temperature  measurements  on  the  Stokes  Q  branch  of  N2*4  have  also  been 
performed  at  1  cm.  The  reversal  measurements  were  similar  to  Na  D-line  rever¬ 
sal  measurements*3  except  that  flame  seeding  is  not  required.  A  tungsten  lamp 
gave  sufficient  intensity  to  achieve  reversal  at  3064  A,  but  the  spatial 
resolution  was  only  about  1  cm.  Therefore,  measurements  had  to  be  confined 
to  the  burnt  gas  region.  The  LEF  results  in  Fig.  5a  indicate  that  the 
temperature  is  almost  constant  so  that  the  reversal  measurement  is  not  affected 
by  spatial  gradients.  The  results  are  compared  with  those  from  LEF  measure¬ 
ments  at  1  cm  above  the  burner  in  Table  1.  As  can  be  seen,  the  agreement  is 
excellent.  The  flame  temperature  peaks  near  the  stoichiometric  mixture,  as  one 
would  expect1^.  The  Raman  and  LEF  results  were  compared  both  on  the  porous 
plug  burner  and  on  a  small  slot  burner.  For  the  stoichiometric  flame,  1  cm 
above  the  porous-plug  burner  the  Raman  measurements  yielded  2141  ±  26K,  in 
reasonable  agreement  with  the  fluorescence  measurement  (see  Table  1) .  A  mea¬ 
surement  by  both  techniques  at  the  same  point  above  the  slot  burner  flame, 
which  cools  the  flame  less,  yielded  a  Raman  N2  temperature  of  260C  ±  50k  while 
the  OH  LEF  temperature  was  2530  ±  110K. 
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Anderson.  W.R. ,  "Measurement  of  the  Line  Reversal  Temperature  of  OH  in  CH./N^O 
Flames ,  ''BRL  Technical  Report  Ho.  ARBRL-TR-02280,  January  1981 
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Beyer ,  R.A.  and  Vanderhoff,  J.A.,  "Raman  Spectroscopy  of  Premixed  CB^/H^O 
Flames  , "  BRL  Report,  to  be  published. 

*^Snelleman,  W. ,  "Errors  in  the  Method  of  Line-Reversal , "  Combustion  and  Flame, 
Vol.  11,  p.  453.  1967 „  and  Ref.  16. 
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Table  I.  Comparison  of  LEF  Excitation  Scan  and  Band  Reversal  Measurements 
of  Temperature  in  CH4/N20  Flames. 


Eq.  Ratio  4  3 

4[CH4]/lN20]a 

Temp .  (K)  from 
LEF  of  OH 

Temp.  (K)  from 
OH  Band 
Reversal 

1.18 

2113  ±  38 

2129  ±  50 

1.01 

2199  ±  53 

2194  ±  45 

o.ss 

not  measured 

2089  ±  70 

aFor  the  stoichiometric  flame,  the  total  premixed  gas  flow  rate  was  9.96  ± 

0.1C  f/min  (298  K).  For  the  other  flames,  the  oxidant  flow  rate  was  held 
constant  and  the  fuel  flow  rate  changed  until  the  equivalence  ratios  reported 
were  achieved. 
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IV.  DISCUSSION 


A.  Diagnostic  Considerations 

As  can  be  seen  from  a  comparison  of  the  temperatures  obtained  by  the 
various  methods,  the  fluorescence  technique  yields  quite  accurate  results. 
Agreement  between  Raman,  fluorescence,  absorption,  and  band  reversal  techniques 
for  regions  having  significantly  different  temperatures  on  two  different  burners 
shows  that  the  compatibility  of  the  results  is  not  merely  due  to  a  fortuitous 
agreement  for  the  conditions  in  the  burnt  gas  region  above  the  porous -plug 
burner  where  most  of  our  early  measurements  were  performed.  This  result  lends 
credence  to  the  lower  LEF  temperatures  observed  in  the  flame  front  where  compari¬ 
son  measurements  could  not  be  performed  by  all  the  techniques. 

The  excellent  agreement  between  the  fluorescence  data  and  the  Raman, 
absorption  and  band  reversal  results  does  not  support  the  predictions  of  the 
fluorescence  model  developed  by  Smith  and  Crosley^b.d #  The  model  considers 
the  effects  of  competition  between  rotational  energy  transfer  collisions  in  the 
v'  =  0  state  and  electronic  quenching.  In  their  experiments,  the  OH  in  a 
CH4/air  flame  was  excited.  Rotational ly  resolved  fluorescence  scans  were  run 
upon  pumping  several  different  transitions.  From  this  data,  information  con¬ 
cerning  the  energy  transfer  within  the  A2£+  state  could  be  deduced.  For  trans¬ 
fer  in  which  the  spin  state  remains  unchanged  (AN'  =  AJ'  where  J'  is  the  total 
angular  momentum  quantum  number  of  the  excited  state)  the  rotational  distribu¬ 
tions  were  peaked  near  the  rotational  level  pumped  by  the  laser  with  considerable 
densities  in  nearby  states.  Only  the  populations  of  rotational  levels  far 
removed  from  the  initially  pumped  level  (AN'  >  3)  did  not  exhibit  this 
peaking  effect.  Levels  well  below  the  initially  pumped  level  in  energy 
contained  equal  densities,  except  for  a  degeneracy  factor,  while  populations 
in  those  above  it  could  be  represented  by  a  Boltzmann  distribution.  The 
temperature  characterizing  this  distribution  does  not  reflect  the  actual 
equilibrium  temperature  of  the  system  but  depends  on  which  rotational  level 
is  pumped.  For  transfer  involving  a  change  of  spin  state  (AN'  f  AJ')  the 
entire  distribution  was  characterized  by  the  same  temperature  as  the  high 
energy  states  for  which  AN'  =  AJ'.  However,  there  was  an  overall  lower 
propensity  to  change  spin  states,  that  is,  the  density  of  the  opposite  spin 
component  to  that  initially  pumped  lay  below  that  for  the  same  spin  state  on  the 
Boltzmann  plots. 

The  implication  of  the  results  of  Ref.  4  is  that  a  narrow  bandwidth 
detector  will  discriminate  for  or  against  the  level  pumped,  depending  upon 
where  the  detector  is  centered,  owing  to  the  differences  in  rotational 
distributions  as  the  pumped  level  is  changed.  In  most  experiments,  the 
detector  is  centered  on  or  near  a  bandhead  of  OH.  One  would  therefore  expect 
a  higher  fluorescence  yield  when  a  state  at  or  near  states  radiatively 
connected  to  transitions  in  the  bandhead  is  pumped.  Conversely,  pumping 
states  whose  transitions  lie  far  away  from  the  bandhead  would  lead  to  low 
fluorescence  yields.  The  lower  rotational  quantum  number  transitions  are, 
generally,  closer  to  their  respective  bandheads  than  high  ones  so  the 
detector  is  expected  to  increasingly  discriminate  against  transitions  as 
N"  increases.  Thus,  one  predicts  the  measured  temperature  from  fluorescence 
scans  with  narrowband  detectors  will  usually  be  lower  than  the  actual  value. 

The  model  of  Crosley  and  Smith  for  (0,0)  band  work  with  a  bandwidth  of  30  A 
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predicts  that  temperatures  can  be  systematically  low  by  several  hundred  Kelvins. 
For  (1,1)  band  work,  even  poorer  accuracy  is  expected1'.  The  flame  composition 
of  CH4/N2O  and  CHj/air  flames  in  the  burnt-gas  region  is  similar  enough  that 
the  disagreement  between  the  two  studies  cannot  be  attributed  to  differing 
flame  characteristics. 

5a 

Earlier  results  on  CH4/N2O  in  this  laboratory  yielded  higher  temperatures 
than  reported  here.  Also,  there  was  a  systematic  difference  in  fluorescence 
yields  for  Rj,  R2  and  Ry1  transitions  (especially  Ri'9,  10  and  11)  as  revealed 
in  the  Boltzmann  plots.  The  early  resulting  differences  in  fluorescence 
yields  were  thought  to  support  the  model  of  Smith  and  Crosley  which  predicts 
possible  differences  in  fluorescence  yield  for  Fi  and  F2  spin  states.  However, 
a  systematic  drift  in  premixed  gas  flow  rates  was  later  found  and  corrected. 

The  difference  in  fluorescence  yields  on  Boltzmann  plots  disappeared  (c.f. 

Fig.  4)  and  resulting  temperatures  were  slightly  lower.  The  previous  result 
is,  therefore,  inaccurate  and  does  not  lend  support  to  the  model  of  Smith  and 
Crosley  as  was  originally  thought  in  Ref.  5a. 

The  v'  =  1  to  0  vibrational  transfer  in  the  excited  state  may  significantly 
affect  the  present  experimental  results.  Such  transfer  reduces  the  fluorescence 
yield  if  the  detector  views  (1,1)  band  transitions  as  in  the  present  work. 
Studies  involving  OH  in  pure  gases18a>19  and  in  CH4/air  flames18b  indicate 
that  the  rate  of  vibrational  deexcitation  drops  as  the  rotational  quantum 
number,  N' ,  increases.  This  effect  could  compensate  for  the  aforementioned 
rotational  transfer  effects,  evening  out  the  fluorescence  yields  for  the  dif¬ 
ferent  rotational  levels.  The  effect  is  not  included  in  the  model  of  Smith 
and  Crosley. 

2  3 

The  results  of  Cattolica  in  the  (0,0)  band  and  of  Bechtel  in  both  the 
(0,0)  and  (1,0)  band,  with  narrowband  detectors  in  the  (0,0)  band,  also  show 
quite  good  agreement  with  other  methods  of  temperature  measurement  as  long  as 
absorption  problems  are  not  too  severe.  The  agreement  in  these  cases  cannot 
be  explained  by  the  rotational  dependence  of  the  vibrational  transfer  rate, 
as  it  might  be  for  the  (1,1)  band,  since  the  (0,0)  band  fluorescence  should 
hardly  be  affected  and  results  of  pumping  in  the  (1,0)  band  with  (0,0)  band 
detection  should  be  even  poorer  because  of  the  effect.  There  appears  to  be 
little  dependence  of  the  electronic  quenching  rates  on  the  rotational  quantum 
number19  so  this  effect  would  not  explain  the  accuracy  of  the  results  either. 

The  experimental  parameters  used  in  the  various  (0,0)  band  studies  are  summar¬ 
ized  in  Table  2. 


17  .  .  . 

Crosley ,  D.R.,  private  communication. 

18  2  + 

(a)  Lengel ,  R.K.  and  Crosley,  D.R.,  "Energy  Transfer  in  A  l  OH.  II.  Vibrational", 

J.  Chen.  Phys. ,  Vol.  68,  p.  5209.  %1978.  (b)  Crosley,  D.R.  and  Smith,  G.P. , 

"Vibrational  Energy  Transfer  in  A?i+  OH  in  Flames,  "  Paper  69,  Eastern  Section 
Fall  Meeting  of  tlu-  Combustion  Institute,  Princeton ,  New  Jersey,  Nov.  1980. 

German,  K.R.,  "Collision  and  Quenching  Cross  Sections  in  the  A^l+  State  of  OH 
and  OP,”  J.  Chem,  Phys.,  Vol.  64,  p.  4065,  1976. 
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Table  2.  Experimental  Parameters  in  Previous  (0,0)  Band  LEF  Temperature 
Determinations. 


Reference 


Bandcenter (A) 


Bandpass 


(A.FWHM) 


N'  Range 


Cattolica  [2] 

3090 

Bechtel  [3] 

~  307 0b 

Crosley  and 

3090 

coworkers,  experi¬ 
ment  [4] 

3090 

Crosley  and 

3070 

coworkers,  model  [4] 

3090 

3S 

2-8 

-v  12.5 

1-16 

13.5 

** 

1-12 

250 

1-12 

30 

1-15 

30 

1-15 

aFor  Ref.  [3]  and  for  the  experiment  of  Ref.  [4j ,  N'  was  not  given.  N"  was 
determined  from  the  energy  scale  on  the  Boltzmann  plots,  using  the  energy 
level  tables  of  Ref.  [8],  and  is  reported  in  this  table  in  place  of  N' .  N' 
must  be  within  ±2  of  N". 

k Approximate  position  of  R.  and  R2  bandheads  observed  by  Bechtel.  The  exact 
position  of  the  bandcenter  used  in  his  experiments  was  not  stated. 


4  b  d  ® 

Results  of  the  model4  with  a  3090  A  bandcenter  indicate  that  measured 
flame  temperatures  can  be  quite  low  using  narrowband  detection.  For  a  wideband 
detector,  say  250  A  FWHM,  the  results  can  be  quite  accurate.  This  trend  seems 
to  be  substantiated  by  Crosley  and  coworkers'  experiments  in  which  the  measured 
temperature  of  a  CFWair  flame  using  narrowband  detection  was  <v»  700K  lower  than 
with  wideband  (250  A  FWHM)  detection.  Unfortunately,  corroboration  by  other 
techniques  was  not  availably.  Crosley  and  coworkers  state  the  model  predicts 
similar  results  for  a  3070  A  bandcenter.  Also,  the  model  predicts  that  much  more 
accurate  results  will  be  observed  if  the  excited  levels  N'  =  3  to  9  are  used  (an 
assumed  flame  temperature  of  1800K  leads  to  an  observed  temperature  of  1650K) 
rather  than  N'  =  1  to  150 (assumed  1800K  leads  to  observed  1400K)  for  the  narrow- 
band  experiment  at  3090  A  bandcenter.  As  can  be  seen  in  Table  2,  the  parameters 
in  Cattolica's  and  Bechtel's  experiments  closely  approximate  those  used  in  the 
model.  Bechtel's  bandpass  is  narrower  than  assumed  in  the  model,  but  this 
should  lead  to  even  poorer  agreement  with  the  actual  value  than  the  model  pre¬ 
dicts.  Yet,  the  results  in  these  experiments  are  much  more  accurate,  as  con¬ 
firmed  by  N2  spontaneous  Raman  and  thermocouple  measurements,  than  the  model 
predicts  they  possibly  can  be.  Also,  the  (slight)  curvature  in  Bechtel's 
Boltzmann  plot  is  in  the  opposite  direction  to  that  which  would  be  necessary 
to  produce  a  higher  temperature  if  only  N'  =  3  to  9  levels  are  considered.  We 
can  presently  offer  no  explanation  for  these  puzzling  differences. 

In  addition  to  excitation  scans  on  OH,  a  recent  study  of  OH  and  NH  concen¬ 
tration  profiles  was  performed  in  this  laboratory^.  An  NH  (0,0)  band  R-branch 
excitation  scan  was  recorded  as  part  of  this  work.  The  corresponding  Boltzmann 
plot  exhibited  very  high  fluorescence  yields  when  states  near  those  leading 
to  transitions  within  the  monochromator  bandpass,  which  looked  mainly  at 
N'  =  1  and  2  states,  were  pumped.  These  high  yields  are  undoubtedly  due  to 
peaking  in  the  rotational  distribution  near  the  state  pumped  as  observed  by 
Crosley  and  coworkers  for  OH.  For  those  states,  however,  which  are  far  removed 
from  N'  =  1  and  2,  the  Boltzmann  plot  yields  a  straight  line  and  temperature, 

2210  ±  120K,  in  good  agreement  with  OH  scans  which  yield  2040  ±  120K  at  the 
same  point  in  the  flame!  It  is  clear  more  work  needs  to  be  done  to  explain 
the  differences  in  the  model's  predictions  and  experimental  results  for  OH  and 
this  surprisingly  good  result  for  NH. 

The  necessity  of  checking  for  absorption  problems  in  fluorescence  work, 
especially  for  OH  which  is  present  in  high  concentrations  in  most  flames, 
is  clearly  demonstrated  in  this  work.  The  (1,1)  band  excitation  method  is 
shown  to  be  capable  of  avoiding  such  problems  which  must  be  considered  in 
experimental  design.  If,  for  instance,  it  is  desired  to  use  even  larger 
burners  or  higher  pressures  than  used  here,  problems  could  ensue  even  for 
the  (1,1)  band.  One  might  then  attempt  to  use  even  higher  vibrational  levels. 
However,  predissociation  in  the  higher  states^O  could  complicate  data  reduc¬ 
tion.  The  (1,1)  band  technique  also  needs  to  be  studied  at  low  pressures 
where  energy  transfer  effects  could  significantly  change. 
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Effects  of  absorption  can  be  seen  in  some  of  the  previous  OH  excitation 
scans.  The  first  such  scan  in  a  flame  was  reported  in  1974  by  Wang  and 
Davis1.  In  their  research,  Wang  and  Davis  scanned  the  (1,0)  band  and 
observed  fluorescence  in  the  (0,0)  band  using  a  Bunsen  burner.  The  technique 
demonstrated  the  feasibility  of  laser  fluorescence  experiments  in  flames, 
but  unfortunately  the  derived  temperatures  were  not  checked  using  other 
techniques.  Wang  and  Davis  presented  two  measuzements,  one  near  the  edge 
of  the  flame  of  1100  K  and  one  near  the  center  where  the  Boltzmann  plot 
exhibits  two  nearly  straight  line  portions  with  differing  slopes.  The 
latter  plot  has  a  minimum  at  the  middle  of  the  energy  abscissa.  Previous 
workers^ »*  suggested  this  departure  from  linearity  could  result  from  saturation 
effects.  However,  the  power  level*  of  6.4  x  10?  watts/cm2  cm-1  used  in  Wang's 
work  is  not  high  enough  to  cause  significant  saturation.  The  saturation 
studies  of  Lucht,  et  al.21  seem  to  indicate  that  even  higher  power  levels  are 
required  before  significant  nonlinearities  occur.  Lucht,  et  al.  were  also 
pumping  a  stronger  transition.  Wang  and  Davis'  observation  of  linearity  of 
fluorescent  intensity  with  laser  power  for  the  strongest  transition  studied 
further  indicates  the  results  are  not  affected  by  saturation.  The  (1,0)  band 
has  only  a  slightly  smaller  transition  strength  than  the  (0,0)  band  used  in 
early  Bunsen  burner  studies  in  this  laboratory®,  wherein  strong  absorptions 
were  noted.  It  is  quite  likely  the  data  from  Ref.  1  taken  at  the  flame  center, 
and  perhaps  at  the  edge  as  well,  is  exhibiting  effects  of  absorption.  Therefore, 
no  conclusions  regarding  energy  transfer  effects  or  ground  state  rotational 
populations  can  be  drawn  from  Ref.  1. 

2 

In  Cattolica's  (0,0)  band  work  ,  a  flat-flame  burner  similar  to  the  one 
in  the  present  work  was  used.  Cattolica  found  good  agreement  between  N2  vibra¬ 
tional  Raman,  thermocouple  and  fluorescence  measurements  near  the  edge  of  the 
flame,  but  not  in  the  center.  A  horizontal  fluorescence  profile,  similar  to 
the  one  in  Figure  3,  was  decidedly  nonsymmetric .  It  was  obvious  absorption 
problems  affected  results  in  the  center  but  not  the  edge  of  the  flame.  However, 
for  both  positions  in  the  flame,  straight-line  Boltzmann  plots  were  obtained. 

It  is  thus  clear  that  straight-line  fits  do  not  indicate  an  absence  of  problems. 

Cattolica  has  recently  developed  a  two  line  fluorescence  technique  involving 
only  satellite  transitions  of  the  (0,0)  band22,  which  cause  small,  correctable 
laser  depletions.  The  transitions  he  used  pump  the  same  excited  state  so 
that  self-absorption  and  fluorescence  bandpass  effects  (if  nonnegligible) 
cancel.  Unfortunately,  the  method  requires  extremely  precise  data  since  the 
temperature  is  essentially  determined  by  only  two  points.  A  mini-computer 
system  is  a  practical  equipment  to  achieve  this  precision.  Bechtel^  avoided 
absorption  problems  by  using  a  burner  which  produces  a  curved  flame  front.  A 

* 

A  typo  appears  in  this  quantity  in  Ref.  2. 
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significant  amount  of  laser  absorption  was  seen  when  flat  flames  were  used. 

The  absorption  in  fact  was  used  to  calibrate  fluorescence  concentration 
profiles.  The  burner  used  in  his  work  could  be  difficult  to  model  and  flashback 
occurs  easily  for  fast  flames.  Each  of  the  three  approaches  to  absorption 
problems  thus  has  advantages  over  the  others  which  should  be  considered  when 
tailoring  an  experiment. 

B.  The  CH4/N20  Flame 

The  temperature  measured  in  the  burnt  gas  region  above  the  porous-plug 
burner,  ^  2200  K,  is  much  lower  than  the  adiabatic  flame  temperature,  2922  K, 
calculated  using  the  thermodynamic  equilibrium  code! 2 .  The  lower  temperature 
apparently  results  from  cooling  by  the  burner  and  not  from  incomplete  burning 
as  might  occur  if,  for  example,  large  amounts  of  NO  were  formed.  Raman 
measurements  on  N2  using  a  second  slot  burner,  which  cools  the  flame  very  little, 
show  the  temperature  near  the  burner  surface,  just  above  the  flame  front, 
is  very  close  to  the  adiabatic  flame  temperature*4.  Measurements  of  the  inlet 
and  outlet  water  temperatures  and  flow  rate  on  the  porous  plug  burner  yield  a 
cooling  rate  of  10.6  ±  1.0  kcal/min.  Using  the  flow  rate  of  9.96  ±  0.10  ■£/ min 
of  the  fuel  gases  at  293  K,  one  calculates  a  mass  flow  rate  of  15.5  g/min. 

The  thermochemical  equilibrium  calculation  was  forced  to  selected  final  tempera¬ 
tures  100  K  apart  to  determine  the  equilibrium  concentration  and,  hence,  the 
heat  capacity  of  the  products  as  a  function  of  temperature.  The  heat  capacity 
function,  multiplied  by  the  mass  flow  rate,  was  integrated  over  temperature 
from  2922  K  to  lower  temperatures  until  a  temperature  was  reached  such  that 
the  observed  heat  extraction  rate  by  the  water  was  matched*.  The  final  tempera¬ 
ture  thus  calculated  was  2240  ±  100  K,  in  excellent  agreement  with  the  measure¬ 
ments  in  the  burnt  gas  region.  Of  course,  this  does  not  prove  the  gases  burn 
all  the  way  to  completion,  though  they  must  come  close,  nor  does  it  preclude 
formation  of  small  amounts  of  compounds  thought  to  be  nonreactive  energy  sinks 
above  their  equilibrium  concentrations,  such  as  NO.  It  does  show  the  results 
are  compatible  with  the  adiabatic  flame  temperature. 

As  can  be  seen  from  Fig.  5,  the  temperature  profile  in  the  burnt  gas 
region  is  nearly  a  horizontal  straight  line.  This  is  unexpected  since  in  this 
region,  slow  three-body  radical  recombinations  release  heat  and  slowly  increase 
the  temperature.  However,  some  diffusion  of  room  air  into  the  flame  could 
account  for  the  constant  temperature. 

In  addition  to  the  vertical  temperature  profile  measured  above  the  center 
of  the  burner,  a  fluorescence  temperature  measurement  was  made  1  cm  above  the 
burner,  and  1  cm  from  the  edge,  very  near  the  maxima  in  the  horizontal  fluores¬ 
cence  profile  of  Fig.  3.  N2  Raman  measurements  at  1  cm  height  have  also  been 
made  at  several  points,  profiling  the  temperature  drop  as  the  beam  is  moved 
out  of  the  flame  into  room  air*4.  These  measurements  show  the  temperature  is 
nearly  constant  at  ^  2200  K  up  to  2  mm  from  the  burner  edge  and  drops  precipi¬ 
tously  as  one  moves  further  away  from  this  point  towards  the  edge  into  room 
air.  Therefore,  the  fluorescence  profile  in  Fig.  3,  except  for  some  edge 


note  the  dissociation  of  the  products,  an  important  effect,  is  automatically 
taken  into  account  by  this  procedure  since  heat  capacities  from  the  equili¬ 
brium  code  contain  a  term  for  heats  of  dissociation. 


corrections,  is  a  true  reflection  of  the  relative  OH  number  density.  The 
increased  OH  density  at  the  edge  of  the  burner  possibly  results  from  some  dif¬ 
fusion  of  O7  in  the  room  air  into  the  flame.  It  is  also  conceivable  that  some 
cylindrically  symmetric  nonuniformity  in  the  porous-plug  burner  leads  to  this 
effect. 

V.  CONCLUSIONS 

The  temperature  profile  in  a  stoichiometric  CH4/N2O  flame  above  a  large 
porous-plug  burner  was  measured  using  laser  excited  fluorescence  of  the  OH 
radical.  A  new  approach  using  the  (1,1)  band  has  been  shown  to  eliminate  the 
absorption  problems  in  this  flame  and  should  be  generally  applicable  for 
OH  measurements  in  other  flames.  Comparison  with  OH  reversal,  N2  vibrational7 
Raman  and  OH  laser  absorption  shows  that  the  LEF  technique  is  of  comparable 
accuracy.  Large  amounts  of  absorption  were  found  in  (0,0)  band  work.  This 
absorption  is  advanced  as  the  cause  of  the  non-Boltzmann  population  distribu¬ 
tions  which  were  obtained  in  previous  work  for  the  ground  electronic  state  of 
OH. 
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APPENDIX  A 


LINE-FITTING  THEORY 

The  fitting  routine  takes  into  account  the  laser  lineshape ,  Doppler  and 
collislonal  broadening,  the  nuaber  density,  the  temperature ,  parameters  associ¬ 
ated  with  the  experimental  design  such  as  baselines  and  scaling  factors  for  the 
fluorescence  experiment,  and  absolute  and  relative  frequency  values  for  both 
the  absorption  and  fluorescence  data.  For  the  simultaneous  fitting  of  both 
absorption  and  fluorescence  data  the  above  set  includes  nineteen  parameters. 
These  are  always  chosen  to  be  the  minimum  number  of  parameters  necessary  with¬ 
out  fixing  any  parameter  to  a  predetermined  value  which  would  introduce  a  bias 
into  the  fit. 

The  vibrational,  rotational  and  translational  temperatures  are  assumed  to 
be  the  same.  The  analysis  of  the  data  utilizes  a  multi-parameter,  nonlinear 
weighted  least  squares  fitting  routine  which  is  discussed  in  detail  elsewhere*. 
The  procedure  requires  initial  guesses  for  the  parameters  which  are  then  varied 
to  minimize  the  sum  of  the  squares  of  the  differences  between  the  observed 
and  calculated  values.  Upon  convergence,  the  variance/covariance  matrix  is 
calculated  from  which  the  standard  deviation  of  each  parameter,  as  statistically 
determined  from  the  fit,  is  obtained. 

The  spectrum  is  fitted  using  either  absorption  or  fluorescence  equations, 
described  briefly  below,  as  appropriate  to  the  particular  type  of  data.  The 
equations  are  derived  in  full  elsewhere*.  For  the  absorption  experiment 
using  a  broadband  detector,  the  transmitted  intensity  of  a  laser  line  centered 
at  and  traveling  a  distance  l  through  a  flame  is 


I(vq,£)  -  J Xv,0*Vo*  expl  ('hv^c>  I»t/Q(T)3 


(Al) 


j  Bjgjexp  (-Ej/kT)  Pj  (  dv. 


Here,  h  is  Planck's  constant,  c  is  the  speed  of  light,  and  the  sum  over  j  denotes 
the  transitions  (two  to  five)  included  in  the  fit.  Bj  is  the  absolute  Einstein 
coefficient  of  absorption  for  the  jth  transition,  in  units  appropriate  to 
energy  density,  as  given  by  Dimpfl  and  Kinsey^Ok.  gj  is  the  degeneracy  of  the 
jth  sublevel  and  E«  its  energy,  k  the  Boltzmann  constant  and  T  the  temperature. 
Finally,  NT  is  theJ total  number  density,  Q(T)  is  the  partition  function,  Pj 
is  the  transition  lineshape  (Voigt  profile)**  and  1^  (v  )  is  the  incident 
frequency  profile  of  the  laser.  A  Gaussian  function’Is  chosen  as  the  appropriate 


Kotlar,  A.J.  and  Anderson,  W.R.,  "A  Method  for  the  Determination  of  Temperature 
caid  Concentration  of  OH  Using  Fluorescence  and  Absorption  Spectroscopy BRL 
Report  to  be  published. 

* Armstrong,  B.H.,  "Spectrum  Line  Profiles:  The  Voigt  Function ,"  J.  Quant. 
Speatroec.  Radiat,  Transfer,  Vol.  7,  p.  61,  1967. 
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representation  of  a  multi-mode  laser  exhibiting  amplitude  fluctuations  when 
averaged  over  several  pulses***. 

The  fluorescence  signal,  F,  is  assumed  to  be  proportional  to  the  number 
of  photons  absorbed  over  a  certain  pathlength  of  the  laser  beam  in  the  flame. 
The  pathlength  observed  is  between  two  limits,  £1  and  I2 ,  as  defined  by  the 
collection  optics  and  the  monochromator  slitwidtn.  F  is  thus  given  by 


F  -  S  UCv^j)  -  I<vo,*2)] 


(A2) 


where  S  is  a  scaling  factor  which  depends  on  the  geometry  of  the  experiment,  the 
efficiency  of  quenching  of  excited  molecules,  redistribution  of  molecules  into 
states  other  than  the  one  originally  excited  by  the  laser,  and  the  bandpass 
for  the  collection  of  fluorescence  as  defined  by  the  detector.  Note  that  this 
procedure  automatically  accounts  for  any  small  laser  depletions. 

X(v0*-£  )  in  Eq.  [ A1 J  was . evaluated  by  numerical  integration  over  v.  The 
limits  of  integration  were  chosen  to  include  more  than  99Z  of  the  laser  profile. 
Evaluation  of  Eq.  [Al]  or  [A2]  for  each  datum  (v  )  then  generates  the  absorption 
and  fluorescence  spectra  which  are  fitted  to  the°observed  spectra  using  the  least 
squares  technique  discussed  previously. 


*** 


Juratich,  M.A.,  "Effects  of  Laser  Linewidth  on  Coherent  Antistokes  Raman 
Spectroscopy 3"  Molecular  Physics,  Vol.  38,  p.  625,  1979. 
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Please  take  a  few  minutes  to  answer  the  questions  below;  tear  out 
this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  place 
in  the  mail.  Your  comments  will  provide  us  with  information  for 
improving  future  reports. 

1 .  BRL  Report  Number _ _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


3.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) _ _ _ 


4.  Has  the  information  in  this  report  led  to  any  quantitative 
savings  as  far  as  man-hours/contract  dollars  saved,  operating  costs 
avoided,  efficiencies  achieved,  etc.?  If  so,  please  elaborate. 


5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) _ 


6.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic, 
please  fill  in  the  following  information. 

Name: 


Telephone  Number: 
Organization  Address: 


